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Abstract--This paper considers the problem of robust stabilization via dynamic output feedback 
controllers for uncertain two-dimensional continuous systems described by the Roesser's tate space 
model. The parameter uncertainties are assumed to be norm-bounded appearing in all the matrices 
of the system model. A sufficient condition for the existence of dynamic output feedback controllers 
guaranteeing the asymptotic stability of the closed-loop system for all admissible uncertainties is 
proposed. A desired ynamic output feedback controller can be constructed by solving a set of linear 
matrix inequalities. Finally, an illustrative xample is provided to demonstrate the applicability and 
effectiveness ofthe proposed method. (~) 2004 Elsevier Ltd. All rights reserved. 
Keywords - -L inear  matrix inequality, Output feedback, Robust stabilization, Two-dimensional 
continuous systems, Uncertain systems. 
1. INTRODUCTION 
In the past years, there has been a growing interest in the study of two-dimensional (2-D) sys- 
tems since 2-D models play important roles in describing systems in image data processing and 
transformation, water stream heating, thermal processes, biomedical imaging, gas absorption, 
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and other areas of 2-D digital signal processing [1]. A great number of results on system analysis 
and control synthesis of 2-D systems in both the discrete and continuous contexts have been 
presented in the literature. For example, in the discrete setting, the controllability and observ- 
ability of 2-D systems were investigated in [2] and some results on 1-D systems were extended. 
The stability problem of 2-D systems was studied in [3,4] by using the 2-D Lyapunov equation, 
while in [5] a 1-D Lyapunov equation, whose parameters are functions with a complex variable, 
was used. Necessary and sufficient conditions for a 2-D system to be stable were proposed in [6] 
by the frequency dependent formulation of the Lyapunov equation using Kronecker products. 
The stabilization problem of 2-D systems were considered in [7], where both state feedback and 
output feedback controllers were designed by solving a set of 2-D polynomial equations, while 
in [8,9], a linear matrix inequality (LMI) approach was developed to construct stabilizing output 
feedback controllers, respectively. For continuous 2-D systems, a method  for checking bounded- 
input-bounded-output stability was proposed and a necessary and sufficient stability condition 
was obtained in [I0], while a method  for computing the stability margin was presented in [ii]. 
The  local controllability and min imum energy control problem was considered in [12]. Stabil- 
ity analysis using Lyapunov  equation approach was studied in [13]. Recently, the stabilization 
problem was addressed in [14], where state feedback controllers were designed by solving a given 
LMI.  
On  the other hand, since modeling uncertainties are often the main  sources of instability of 
control systems, the problems of robust stability analysis and robust controller design for uncer- 
tain 2-D discrete systems have received much attention in the past years. By  using eigenvalue 
sensitivity, some results on robust stability for uncertain 2-D systems were presented in [15], while 
in [16] a frequency domain  approach and a Lyapunov  mapp ing  approach were proposed, respec- 
tively, in dealing with the robust stability problem. The  robust stabilization problem for 2-D 
systems were addressed in [17,18] via LMI  approach, respectively. It is worth pointing out that 
all of the above mentioned results on robust stability analysis and stabilization were obtained 
in the context of uncertain 2-D discrete systems. For 2-D continuous systems with parameter 
uncertainties, however, no results on robust stability analysis and synthesis are available in the 
literature, which motivates the present study. 
In this paper, we are concerned with the problem of robust stabilization for uncertain 2-D 
continuous systems. The  class of 2-D continuous systems under consideration is described by 
the Roesser state-space model  with parameter uncertainties. The  parameter uncertainties are 
assumed to be norm-bounded in all the matrices of the system model. The  purpose is the design 
of full-order dynamic output feedback controllers such that the resulting closed-loop system is 
asymptotically stable for all admissible uncertainties. A sufficient condition for the solvability of 
this problem is obtained and an LMI  approach is developed. A desired output feedback controller 
can be constructed by solving a set of LMIs, which can be implemented by resorting to some 
recently developed algorithms [19]. 
NOTAT ION.  Throughout  this paper, for real symmetric matrices X and Y, the notation X _> Y 
(respectively, X > Y)  means  that the matrix X - Y is positive semidefinite (respectively, positive 
definite). I is the identity matrix with appropriate dimension. The  superscript "T" represents 
the transpose. Matrices, if not explicitly stated, are assumed to have compatible dimensions. 
2. PROBLEM FORMULATION AND PREL IMINARIES  
Consider an uncertain 2-D continuous ystem described by the following Roesser's tate-space 
model [1,20]: 
[ ~Tlxh(tl't2)- [ xh(tl't2) ] (B AB)u(tl,t~) (1) 
(E): [ _0_0 x v = (A + AA) + + , (tl,t ) x v (tl,t )J 
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[ xh(tl't2)] (D AD)u(tl, y( t i , t2)=(C+AC)Lx,( t l ,  t2) + + t2), 
(2) 
where xh(t~, t2) C ll~ ~h and x'(tl, t2) E ]~n. are the horizontal states and vertical states, respec- 
tively; u(tl,t2) E ]~'~ is the input and y(t~,t2) C ~P is the output. A, B, C, and D are known 
real constant matrices. AA, AB, AC, and AD are unknown matrices representing parameter 
uncertainties, and are assumed to be of the form 
[ ][1 AA AB = M1 F[N1 N2] (3) AC AD M2 
where M1, M2, N1, and N2 are known real constant matrices and F C R ~xl is an unknown matrix 
satisfying 
FTF < I. (4) 
The parameter uncertainties AA, AB, AC, and AD are said to be admissible if both (3) and (4) 
hold. 
REMARK 1. It should be pointed out that the structure of the uncertainty with the form (3) 
and (4) has been widely used when dealing with the problem of robust stabilization for both 1-D 
and 2-D uncertain systems; see e.g., [17,21,22]. 
The nominal unforced 2-D continuous system of (1) is given by 
L [ 0 xh(tl't2)!(tl't2) [xh(tl't2)] = A (5) 
~. ~ (tl, t~) J " 
Let 
[A~ A~2] 
A = LA21 A22 j '  (6) 
where the real constant submatrices Akl, k, l ---- 1, 2, are of appropriate dimensions. This 2-D 
continuous ystem is asymptotically stable if the following characteristic polynomial does not 
have any zeros in the closed right half of the biplane including the points at infinity; that is, 
C (Sl, 82) ~ 0, for (Sl, s2) e ~)2 (7) 
where 
[slI - All -A12 1 
C(s j , s2 ) :det  L -A21 s2 I -A22 j '  
n~ = {(s l , s2 ) :  Re(s1) _> 0, Re(s2) _> 0, Isll _< oo, Is21 -< o~}. 
The Lyapunov equation approach to test the stability of the 2-D continuous ystem in (5) is 
proposed as follows. 
LEMMA 1. (See [14,23].) The 2-D continuous ystem (5) is asymptotically stable if there exist 
matrices Wh > 0 and Wv > 0 satisfying the following LMI: 
ATW + WA < O, 
where W = diag(Wh, W~). 
Now, consider the following 2-D full-order dynamic output feedback controller for the uncertain 
2-D' continuous system (E): 
: = AK + BKy (tl, t2) 
u (tl, t2) = cK  ~.  (tl, t~) J ' 
(8) 
(9) 
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where ~h(tl,t2) E ]R ~h, ~( i , j )  E ]R ~,  AK, BK, and CK are the controller matrices to be 
determined. Introduce the augmented state vectors 
~h (tl,t2) = [x h (tl,t2) T :~h (t i , t2)T]T 
2~ (tl,t2) = [x ~ (tl,t2) T :~v (tl,t2)T] T " 
By applying the controller (ZK) in (8) and (9) to the uncertain 2-D system in (1) and (2), we 
obtain the following closed-loop system: 
~ (tl,t2) [ :~h (tl't2) (10) 
0 :~v (tl,t2)J = ~ (AcK + AAcK)~ 5-1 k:~v (tl,t~) ' 
where 
Acg 
A AcK = 
= 
A BCK ] 
BKC AK ÷ BKDCK ' 
AA ABCK 
BKAC BKADCK ' 
" In~ 0 0 i ] 
0 0 In h 
0 I~ .  0 " 
0 0 0 In. 
(11) 
(12) 
(13) 
Then, the robust output feedback stabilization problem to be addressed in this paper can be 
formulated as follows: given an uncertain 2-D continuous ystem in (1) and (2), determine a
full-order dynamic output feedback controller in the form of (8) and (9) such that the resulting 
closed-loop system (10) is asymptotically stable for all admissible uncertainties. 
3. MAIN  RESULTS 
In this section, a sufficient condition for the solvability of the robust stabilization problem via 
dynamic output feedback controllers for uncertain 2-D continuous ystems is presented. An LMI 
approach to design a desired ynamic output feedback controller is developed. Before proceeding 
further, we first introduce the following lemma which will be used in the proof of our main results 
in this paper. 
LEMMA 2. (See [24].) Let 2d, y ,  and F be real matrices of appropriate dimensions uch 
that FT F <_ I. Then, for any scalar e > O, 
xTFTz  q- zTFx  _~ ¢xTx  --F E-1zTz .  
Now, we are in a position to present he robust stabilization result for the uncertain continu- 
ous 2-D system (E). 
THEOREM 1. Consider the uncertain 2-D continuous ystem (E). There exists a full-order 
dynamic output feedback controller (EK) such that the resulting closed-loop system (10) is 
asymptotically stable for all admissible uncertainties if there exist matrices F, O, ~, X = 
diag(Xh, X~) > 0 and Y -= diag(Yh,Y.) > 0 with Xh,Yh C ]R nh, X. ,Y~ E ]~ satisfying the 
following LMIs: 
I Hll H12] H~ H22J <0,  (14) 
;1 0 
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for some given scalar e > O, where 
H i i=  [AY+yAT+B~+~TBT A+F T ] 
A T+F XA+ATX+OC+CTO T ' 
[ M1 yNT+~TN~]  
H12 = XM1 + (9M2 N~ ' 
//22 = diag ( -e I , -e -1 . / ) .  
In this case, a desired dynamic output feedback controller in the form of (8) and (9) can be 
chosen with parameters as follows: 
AK ---- X~ 1 (F - XAY - XB~ - OCY - @D¢) yGT, 
BK = X~lO,  
C K --~ ~ Y~2 T , 
(16) 
(17) 
(18) 
where 
X12 ~ IX;!.2 0 ] y12 = IN;12 0 1 
Xvl2 ' Yvl2 ' 
and Xh12, Xv12, rh12, and Yv12 are any nonsingular matrices atisfying 
(19) 
X12 YT  -~ I - XY.  (20) 
PROOF. Under the conditions of the theorem, we first show that there always exist nonsingular 
matrices Xh12, Xvl2, Yh12, and Y.I~, such that (20) holds• To this end, we pre- and post- 
multiply (15) by (I) and (I) T to obtain 
It is noted that (15) and (22) imply 
and 
] Yh , > o, (21) 
I 
Xh - -gh  -1 >0 
Xv _ y~-i > O, 
respectively. Then, it is easy to show that both I - -XhYh and I -XvYv  are nonsingular. Therefore, 
there always exist nonsingular matrices Xh12, Xv12, Yh12, and Yv12, such that the following two 
equalities hold: 
That is, (20) is satisfied. Now, set 
Xh12Y~2 = I - XhYh, 
Xvl2YvTll2 = I - X~Y.. 
o1:[ 0 1 0 l 
Ilvl ' 
T 
12 
(23) 
(24) 
IIv2 ' 
IIh2 = xT  , 
h12 
IIv2 -= XvT12 
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Then, it is easy to see that II1 is nonsingular. Thus, we can define 
P = II2II~ -1. 
By some calculations, it can be verified that 
where 
o] 
P= p~ , 
Xh 
P~ = r,~=rl;-# = [ 
X,, 
t T Xv12 
Zh = Y~{Ys (Xs -  Y~ <) 
z~ -~ (x~-  = Yv12Yv Yv -1) 
Xh12 1 
Zh J' 
Xv12 ] 
z~J '  
Note that 
Zh -- X~12XhlXh12 Y~l 1 [Yh (Xh Yh 1) Yh T -1  T = - - Vh1~X.12Xh X.i2V~ld Y~ 
= Y~ (Y~ - X ;  1) v~-~ > o, 
Zv T -1 T -1 T Xv12Xv Xvl: Z~ IVy (X,, ]i(1) E, . . . .  zvl~X.l:X~ X,,l=Z.,d Z~l~ 
= va  I (z~ - x :  1) Ya~ > o. 
Then, Ph > 0 and P. > 0. Thus, P > 0. Now, by the expressions of AK, BK, and CK given 
in (16)-(18), the inequality in (14) can be rewritten as 
71 -SlAcKS2 + (SlAcKS2) r SI McK S 2 K MTcKS1 -eI 
N~KS2 0 -e - l I  ] 
< o, (2s) 
where 
$1---~ X XI2 ' 
[ M1 ] NcK=[N1 N2CK]. M~K= BKM2 ' 
Observe that 
St = £bTIITp~#, S# = oT[ I I~ .  
Then, pre- and post-multiplying (25) by diag(HTT~) -T, I, I) and diag(~-lII~ -1, I, I) result in 
-P@A~K@ T +@ATK@TP P@McK '~NTK "] 
MTK~TP --eI O [  < 0, 
NcKff2 T 0 -E-1IJ 
(26) 
which, by the Schur complement formula, implies 
-T  T T T --1 POAcKO -1 + ~ AcKO P + eONcKNcK(# + e-IP~McKMTK(p-IP < 0, (27) 
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AAcK = McKFNcK. 
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Then, by Lemma 2, we have 
(~AAcK~_I)  T p + p~AAcKC~_ 1 <_ e~2N~KNcK~2_ 1 + e_l p~McKMmcK~2_l p"
This together with (27) implies 
P~ (AcK + AA~K) @-i + [@ (AcK + AA~K) 4 )- i]  T p < 0. 
Therefore, by Lemma 1, we obtain that the closed-loop system (10) is asymptotically stable for 
all admissible uncertainties. This completes the proof. | 
REMARK 2. For the uncertain 2-D continuous system (E), Theorem 1 provides an LMI  approach 
to the design of dynamic  output feedback controllers wh ich  ensure asymptot ic stability of the 
resulting closed-loop systems for all admissible uncertainties. In the case when the parameter  e > 0 
is not fixed, it can be seen that (14) is not an LMI  with respect to the parameter  c > 0 since e 
enters (14) in a nonlinear fashion, which  is always encountered when dealing with the output 
feedback control p rob lem in both I -D and 2-D contexts [8,25-27]. In order to cast our prob lem 
in this paper into an LMI  framework, we  therefore, fix the parameter  e > 0; such an approach 
was  also adopted in [25-27]. 
In the case when there is no parameter  uncertainty in system (E); that is, (E) reduces to 
0 xh 
(~1) : ~ (tl't2)" IX h (ti, t2) ] 
= A + Bu (tl, t2) x v (ti, t2)J ' (28) 0 x v ~2 (tl't2) 
Fxh(tl,t2)] 
y(tl,t2) = C [x'(ti,t2) + Du(ti ,t2),  (29) 
Theorem 1 is specialized as the following corollary. 
COROLLARY 1. Consider the 2-D continuous ystem (El). There exists a full-order dynamic 
output feedback controller (EK) such that the resulting closed-loop system (10) is asymptotically 
stable if there exist matrices F, O, k~, X = diag(Xh, X,)  > 0, and Y = diag(Yh, Y,) > 0 with Xh, 
Yh E R n~ , Xv, Yv E ]~nv satisfying the following LMIs: 
[AY+yAT+BIw+qyTBT A+F T ] 
A T+F XA+ATX+SC+CT8 s <0,  
In this case, a desired dynamic output feedback controller in the form of (8) and (9) can be 
chosen with parameters as in (16)-(18). 
4. NUMERICAL  EXAMPLE 
hi this section, we provide an example to illustrate the application of the proposed method in 
this paper. 
Consider the uncertain 2-D continuous ystem (E) with parameters given by 
A __ 
--1.2 
-1  
0 
0.9 
0 
0.3 --0.7 -0.7 
0.5 0.6 0.5 
0.2 -1.8 -0.5 
0 --1.5 -0.8 
0.2 0.I 0.I 
0.2 
1 
0 , 
0.2 
0.6 
B = 
--0.3 --0.1 
1 0.5 
1 0.2 
-1  
1 
0.3 
-0.6 
0.5 
0 
0.6 , 
0.2 
0.5 
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0.3 0.5 ] 
1.6 -1  ' 
D = 
1 0 -0 .2]  
-0 .6  0.8 0 ' 
[01 ] 
M1 = -0.2 , 0.1] N1 = [0.1 M2= 0. 3 , o.21o.1 -0.2], 
N2=[0 .1  -0.2 0]. 
It is easy to show that the matrices 
o0:] 
-1  0.5 
0 02 - i8 j  
and 
[00;8 °0: 1 
contain positive eigenvalues given by 0.4072 and 0.6141, respectively. Therefore, the nominal 
unforced system is not asymptotically stable. The purpose of this example is to design a full- 
order dynamic output feedback controller such that the closed-loop system is asymptotically 
stable for all admissible uncertainties. To this end, we first choose a scalar e = 1.8. Then, by 
resorting to the Matlab LMI Control Toolbox to solve the LMIs in (14) and (15), we obtain the 
solution as 
Xh 
6.7822 -0.9023 -4.1715- 
-0.9023 0.4846 0.2237 
-4.1715 0.2237 7.5843 
5.3435 1.9403] 
Xv= ki.9403 2.8593J' 
yh= 
4.6530 -0.6741 3.2655 ] 
-0.6741 5.5275 -1.1476 , 
3.2655 -1.1476 9.3400 
5.3553 -1.66291 
Yv= [-1.6629 3.6213 J' 
F = 
1.1091 0.9297 0.0797 -0.9790 0.0704 ] 
-0.2603 -0.5093 -0.2675 0.0225 -0 .2033|  
0.6040 -0.7579 1.8050 1.3995 0.0371 | , 
0.6072 -0.5692 0.5898 0.7154 -0.0331[ 
-0.0875 -0.8694 -0.0417 -0.1052 -0.7273J 
O = 
3.8424 
0.6277 
1.8155 
2.4804 
-8.2621 
-3.7558" 
-1.9280 
6.1971 
0.1763 
0.4201 
= 
[-14.6500 -2.1924 -19.4663 -6.2204 -1:58::121.~ 
-3.8775 -6.4977 1.0238 -1.1611 - 
-0.7434 28.5986 55.8085 -19.8327 10.4685 J 
Therefore, by Theorem 1, it can be seen that there exists an output feedback controller in the form 
of (8) and (9) such that the resulting closed-loop ~ystem is asymptotically stable. To construct 
such a controller, we choose 
[311.5] E 20 Xn12 = 0.5 0.6 2 , Xv l2  = • 
2 1 1 
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By (23) and (24), we obtain 
-11.3504 17.1001 
Yhl2 = [ :;87462:7 --2.1198 
-81.9105 
[ ,::2J Y,12 = - . 6.1279J " 
-0.3952] 
-1.0898] , 
19.5871J 
Therefore, by Theorem 1, a desired output feedback controller can be calculated as 
(tl,t2) 
84.9243 56.7149 136.8033 
-207.8624 -134.2254 -313.6634 
10.2336 5.6300 12.8666 
144.1112 99.0655 240.0516 
-306.3010 -208.8158 -497.8197 
-8.3993 -20.0613 
22.3352 60.1216 
-4.6679 -11.1684 
-7.3459 -12.1372 
13.3126 26.9542 
1.4767 -2.7039 
-0.9179 8.7053 
I ~h (t l, t2) ] -~- 0.2200 -2.8996 y (t l, t 2), 
x i v (tl, t2) -1.2384 0.2142 
8.2621 -0.4201 
[ 16.3395 10.5460 24.1136 -0.5717-2.5121 ] [ ih(tl,t2) ] 
u (tl, t2) = 13.5492 9.3029 23.2049 -0.5122 -1.4678 3? v (tl,t2) " 
-53.2571 -37.5231 -92.1560 2.2576 2.0431 
The responses of ~h(tl, t2) and a?h(tl, t2) of the closed-loop system are shown in Figures 1 and 2, 
respectively, in which we choose F = 0.5. The other state responses are similar, and hence, 
omitted. The simulation results show that the closed-loop system is asymptotically stable. It is 
noted that the controller gains in this example are relatively large compared to the parameters 
of t]he system. One possible way to reduce these values is to impose some bound constraints on 
the controller gains which will however lead to additional LMI constraints. 
1 
0.8 
0.6 
0.4 
0.2 
o 
,o.2 
~o.4 
o 
6 6 
Figure 1. Closed-loop response of :?la(tl, 1~2). 
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0.5 
0.5 
1 
0 
6 6 
t2 
Figure 2. Closed-loop response of ~h(tl, t2). 
5. CONCLUSIONS 
In this paper, we have considered the problem of robust stabilization for uncertain 2-D con- 
tinuous systems in Roesser's tate space model. In terms of an LMI, a sufficient condition for 
the existence of dynamic output feedback controllers, which ensures asymptotic stability of the 
resulting closed-loop system, is obtained by a set of LMIs. When these LMIs are feasible, an ex- 
plicit expression of a desired dynamic output feedback controller has been given. An illustrative 
example has been provided to demonstrate he applicability of the proposed method. It is worth 
noting that the derived conditions in the paper are sufficient, which may have some conservatism. 
Therefore, to develop methods to reduce such conservatism can be a topic to be investigated in 
the future. 
REFERENCES 
1. T. Kaczorek, Two-Dimensional Linear Systems, Springer-Verlag, Berlin, (1985). 
2. R.P. Roesser, A discrete state-space model for linear image processing, IEEE Trans. Automat. Control 20, 
1-10, (1975). 
3. P. Agathoklis, E. Jury and M. Mansour, The discrete-time strictly bounded-real lemma and the computation 
of positive definite solutions to the 2-D Lyapunov equation, IEEE Trans. Circuits Syst. 36, 830-837, (1989). 
4. B.D.O. Anderson, P. Agathoklis, E.I. Jury and M. Mansour, Stability and the matrix Lyapunov equation for 
discrete 2-dimensionM systems, IEEE Trans. Circuits Syst. 33, 261-267, (1986). 
5. g. Fornasini and G. Marchesini, Stability analysis of 2-D systems, IEEE Trans. Circuits Syst. CAS-27,  
1210-1217, (1980). 
6. P. Agathoklis, E. Jury and M. Mansour, Algebraic necessary and sufficient conditions for the stability of 2-D 
discrete systems, IEEE Trans. Circuits Syst. H 40, 251-258, (1993). 
7. M. Bisiacco, State and output feedback stabilizability of 2-D systems, IEEE Trans. Circuits Syst. 32, 1246- 
1254, (1985). 
8. C. Du and L. Xie, LMI approach to output feedback stabilization of 2-D discrete systems, Int. J. Control 
72, 97-106, (1999). 
9. S. Xu, J. Lam, K. Galkowski, Z. Lin, W. Paszke, B. Sulikowski, E. Rogers and D.H. Owens, Positive real 
control of two-dimensional systems: Roesser models and linear repetitive processes, Int. J. Control 76, 
1047-1058, (2003). 
10. E.I. Jury and P. Bauer, On the stability of two-dimensional continuous ystems, IEEE Trans. Circuits Syst. 
35, 1487-1500, (1988). 
Robust Output Feedback Stabilization 1341 
/ 
11. N.E. Mastorakis and M. Swamy, A new method for computing the stability margin of two-dimensional 
continuous systems, IEEE Trans. Circuits Syst. 1 49, 869-872, (2002). 
12. T. Kaczorek, Local controllability and minimum energy control of continuous 2-D linear systems with variable 
coefficients, Multidimensional Systems and Signal Processing 6, 69-75, (1995). 
13. C. Xiao, P. Agathoklis and D.J. Hill, On the positive definite solutions to the 2-D continuous-time Lyapunov 
equation, Multidimensional Systems and Signal Processing 8, 315-333, (1997). 
14. K. Galkowski, LMI based stability analysis for 2D continuous systems, In gth IEEE International Conference 
on Electronics, Circuits and Systems-ICECS, pp. 923-926, Dubrovnik, Croatia, (September 2002). 
15. K.-H. Yeh and H.-C. Lu, Robust stability analysis for two-dimensional systems via eigenvalue sensitivity, 
Multidimensional Systems and Signal Processing 6, 223-236, (1995). 
16. T. Ooba, On stability robustness of 2-D systems described by the Fornasini-Marchesini model, Multidimen- 
sional Systems and Signal Processing 12, 8t-88, (2000). 
17. C. Du and L. Xie, Stability analysis and stabilization ofuncertain two-dimensional discrete systems: An LMI 
approach, IEEE Trans. Circuits Syst. 1 46, 1371-1374, (1999). 
18. S. Xu, J. Lam, Z. lin and K. Galkowski, Positive real control for uncertain two-dimensional systems, [EEE 
Trans. Circuits Syst. 1 49, 1659-1666, (2002). 
19. S. Boyd, L. E1 Ghaoui, E. Feron and V. Balakrishnan, Linear matrix inequalities in system and control 
theory, In SIAM Studies in Applied Mathematics, SIAM, Philadelphia, PA, (1994). 
20. S. Boyd, L. E1 Ghaoui, E. Feron and V. Balakrishnan, The bilinear transformation f two-dimensional state- 
space systems, IEEE Trans. Acoust., Speech, Signal Proc. ASSP-30, 500-502, (1982). 
21. L. Xie and C.E. DeSouza, Robust Hoo control for linear time-invariant systems with norm-bounded uncer- 
tainty in the input matrix, Systems Control Lett. 14, 389-396, (1990). 
22. P.P. Khargonekar, I.R. Petersen and K. Zhou, Pobust stabilization of uncertain linear systems: Quadratic 
stabilizability and H~ control theory, IEEE Trans. Automat. Control 35, 356-361, (1990). 
23. M.S. Fiekarski, Algebraic haracterization f matrices whose multivariable characteristic polynomial is Her- 
mitzian, In Proc. Int. Syrup. Operator Theory, pp. 121-126, Lubbock, TX, (1977). 
24. S. Xu, J. Lam, C. Yang and E.I. Verriest, An LMI approach to guaranteed cost control from uncertain linear 
neutral delay systems~ Int. J. Robust ~ Nonlinear Control 13, 35-53, (2003). 
25. H.H. Choi and M.J. Chung, An LMI approach to Ha  controller design for linear time-delay systems, Auto- 
matica 33, 737-739, (1997). 
26. S.H. Esfahani and I.R. Petersen, An LMI approach to output-feedback-guaranteed cost control for uncertain 
time-delay systems, Int. Y. Robust ~ Nonlinear Control 10, 157-174, (2000). 
27. E.T. Jeung, J.H. Kim and H.B. Park, Hoo-output feedback controller design for linear systems with time- 
varying delayed state, IEEE Trans. Automat. Control 43, 971-974, (1998). 
